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spectroscopy (STICCS)PVP-Hypericin (PVP: polyvinylpyrrolidone) is a potent anti-cancer photosensitizer for photodynamic diagnosis
(PDD) and therapy (PDT). However, cellular targets and mechanisms involved in the cancer-selectivity of the
photosensitizer are not yet fully understood. This paper gives new insights into the differential transport and
localization of PVP-Hypericin in cancer and normal cells which are essential to unravel the mechanisms of action
and cancer-selectivity. Temporal (TICS) and spatiotemporal (STICS) image correlation spectroscopy are used for
the assessment of PVP-Hypericin diffusion and/or velocity in the case of concerted ﬂow in human cervical epithe-
lial HeLa and human lung carcinoma A549 cells, as well as in human primary dendritic cells (DC) and human
peripheral blood mononuclear cells (PBMC). Spatiotemporal image cross-correlation spectroscopy (STICCS)
based on organelle speciﬁc ﬂuorescent labeling is employed to study the accumulation of the photosensitizer
in nucleus, mitochondria, early-endosomes and lysosomes of the cells and to assess the dynamics of co-
migrating molecules. Whereas STICS and TICS did not show a remarkable difference between the dynamics of
PVP-Hypericin in HeLa, A549 and DC cells, a signiﬁcantly different diffusion rate of the photosensitizer wasmea-
sured in PBMC. STICCS detected a stationary accumulation of PVP-Hypericin within the nucleus, mitochondria,
early endosomes and lysosomes of HeLa and A549 cells. However, signiﬁcant ﬂow due to the directed motion
of the organelles was detected. In contrast, no accumulation in the nucleus and mitochondria of DC and PBMC
could be monitored.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Photodynamic diagnosis (PDD) and therapy (PDT) are known as
minimally invasive techniques for the detection and treatment of onco-
logic diseases that avoid many of the side-effects typical for ionizing
radiation and chemotherapy [1,2]. The principle of PDD and PDT is
based on the use of photophysical and photochemical reactionsmediated
through the interaction between a tumor-selective photosensitizer, pho-
toexcitationwith a speciﬁcwavelength of light, ﬂuorescence and reactive
oxygen production (cytotoxicity) [2]. However, the prospect of medical
application of the technique has been limited because of the lack of
photosensitizers that display preferential accumulation in cancer cells [3].
After a great deal of effort, successful PDD and effective PDT research
have been performed by several second and third-generation photosen-
sitizers such as PVP-Hypericin (PVP: polyvinylpyrrolidone) [3–5]. Al-
though the relatively selective destruction of cancers by PVP-Hypericin
was reported about 5 years ago, the mechanisms that determine the
cancer selectivity of PVP-Hypericin are still unknown [2,6–9]. In brief,
it has been proposed that both diffusion and endocytosis contribute to
the overall transport of photosensitizers into individual cancerous2 11 269 299.
loot).
ights reserved.cells [8]. However, more insights in the differential intracellular locali-
zation and transport of the photosensitizer in cancer and normal cells
are essential to unravel the mechanisms of drug action as well as
cancer-selectivity. In PDT, the induction of different cell death pathways
is organelle-dependent [10]. For example, photo-induced damages
of lysosomes lead to necrosis and damage to mitochondrial activity
causes programmed cell death, including both caspase-dependent
and -independent apoptosis [10]. Nevertheless, the target cellular
organelles for the potent anti-cancer agent PVP-Hypericin have not
yet been determined [6,7].
Conventional dual-color co-localization imaging has proven to be a
useful tool for determining the intracellular location of the photosensi-
tizer drug via analysis of the spatial overlap between the drug and a dye
known to target a speciﬁc cell organelle [11–13]. The signals recorded in
two-channel detections have a threshold set to deﬁne what is consid-
ered “overlapping” [11]. However, qualitative analysis suffers from the
intrinsic user bias of “setting the threshold” and the analysis does not
provide access to the dynamics of the co-migratingmolecules. Tracking
the intracellular dynamics of individual large particles that are not
packed densely is relatively easy to achieve by using single particle
tracking and other microscopy techniques. Problems arise when the
small particles are densely packed, which is typically the case for the
photosensitizers.
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and spatiotemporal image correlation spectroscopy (TICS and STICS),
for studying the intracellular dynamics of PVP-Hypericin [14–17]. Our
aim was to determine the diffusion and/or ﬂow (magnitude and direc-
tion) of photosensitizers in cancer and normal cells by monitoring the
time and space–time correlation functions obtained from time-lapse
experiments. In order to study the accumulation of the photosensitizer
in the nucleus, mitochondria, early-endosomes and lysosomes and to as-
sess the dynamics of the co-migratingmolecules, we used spatiotemporal
image cross-correlation spectroscopy (STICCS) to overcome the limita-
tions of conventional co-localization analyses. STICCS was performed by
mapping the correlated ﬂow and diffusion of PVP-Hypericin on one
hand and of organelle speciﬁc dyes on the other hand, e.g. Hoechst
33442, MitoTracker Green, Early Endosomes-GFP or LysoTracker Blue.
Two types of cancer cells, human cervical epithelial HeLa and human
lung carcinoma A549 cells as well as two types of non-cancerous cells,
humanprimarydendritic (DC) andhumanperipheral bloodmononuclear
cells (PBMC) were used in this study. For the convenience of the reader
we provide a brief summary of the image correlation techniques used in
this work.
2. Image correlation and cross-correlation spectroscopy
All variants of image correlation and cross-correlation spectroscopy
are based on the analysis of ﬂuorescence ﬂuctuations measured from
an observation area deﬁned by the diffraction-limited focal spot of the
exciting laser beam in a laser-scanningmicroscope [18–20]. The follow-
ing equation deﬁnes the ﬂuctuations of ﬂuorescence intensity, δi, that
are recorded in the image series:
δi x; y; tð Þ ¼ i x; y; tð Þ− i x; y; tð Þh iXY ð1Þ
where b…NXY indicates the spatial averaging of the stack of images;
x and y are spatial coordinates of the considered pixel; t is the time of
the considered image in the time series, and i(x, y, t) represents the
intensity at (x,y) and time t.
Depending on the form of applied image correlation technique, the
ﬂuctuations can be deﬁned as spatial intensity ﬂuctuations across a
given image and/or temporal intensity ﬂuctuations between images
taken at different times in a time series stack. The spatial ﬂuctuations
reﬂect the variations in the numbers of static or slowly moving
ﬂuorophores distributed in space, whereas the temporal ﬂuctuations
arise from dynamic changes in the number of ﬂuorophores at a given
spot over time as the ﬂuorescent molecules undergo transport. The
dynamics of interest can be obtained by considering the appropriate
time scale through the use of an appropriate variant of the image corre-
lation spectroscopy technique.
2.1. Temporal image correlation spectroscopy (TICS)
TICS was introduced as an alternative to ﬂuorescence correlation
spectroscopy (FCS) for measuring themagnitude of the diffusion coefﬁ-
cient and/or ﬂow speed of slowly moving particles from an image time
series [18–23]. Each pixel location yields an autocorrelation function,
which all are averaged to obtain a single temporal autocorrelation func-
tion r (0,0,τ):
r 0;0; τð Þ ¼ δi x; y; tð Þδi x; y; t þ τð Þh iXY
i x; y; tð Þh iXY i x; y; t þ τð Þh iXY
 
T
ð2Þ
Angular brackets denote averaging of the stack of images in space
(XY) or time (T); τ represents the time-lag.In the case of two-dimensional diffusion and ﬂow for two popula-
tions (i= 1, 2), r (0,0,τ) is then ﬁt to an analytical decay model intro-
duced by Hebert et al. [18]:
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where r(0,0,0) is the zero-lags amplitude and r∞ is the longtime offset. vf
and τD refer to the ﬂow velocity and characteristic diffusion time,
respectively. bω0N represents the average of e−2 radius of the point
spread function (PSF) of the optical system. The diffusion coefﬁcient
(D) is obtained from the best ﬁt characteristic diffusion time, τD
combined with bω0N:
D ¼ ω0h i
2
4τD
ð4Þ
The ﬁtting scheme weights the correlation from each pair of images
equally. Thus, it gives a higher weight to the lower lags as compared to
the higher lags, which contain fewer images [22].
2.2. Spatiotemporal image correlation spectroscopy (STICS)
TICSmeasures themagnitude, but not the direction of ﬂowing parti-
cles. The ﬂow direction is determined by a spatiotemporal variant of the
image correlation spectroscopy (STICS) [18–20]. In STICS, the spatial
information embedded in the two-dimensional spatial correlations
is combined with the time-dependent transport measured by the
temporal correlation. For all pairs of images separated by the time lag
τ, r (ξ,η,τ) represents the average correlation function [18–20]:
r ξ;η; τð Þ ¼ δi x; y; tð Þδi xþ ξ; yþ η; t þ τð Þh iXY
i x; y; tð Þh iXY i xþ ξ; yþ η; t þ τð Þh iXY
 
T
ð5Þ
with ξ and η as the spatial lag variables in x and y, respectively.
When the intensity ﬂuctuations among the successive images are
correlated, the average spatial autocorrelation function from each
image will appear as a two-dimensional Gaussian peak. In the case of
stationary particles, the correlation peak centered at (ξ = 0, η = 0)
stays unchanged for all values of τ. If some particles move between
frames, depending on the kind of motion (diffusion and/or ﬂow), the
correlation peak is going to change [20]. As the diffusing particles will
tend to exit the correlation area in a symmetric fashion, r (ξ, η, τ) decays
in amplitude and spreads in a radially symmetric fashion as a function of
τ. However, the peakwill stay centered at (ξ=0, η=0). If the particles
are undergoing directed ﬂow with the velocities of vx and vy in x and y
directions, the spatial correlation peak maintains its original shape
as a function of time, but its center will be shifted to lag positions of
ξ = − vx × τ and η = − vy × τ. In this case, STICS determines ﬂow
vectors, or essentially the direction in which the particles are exiting
the correlation areas. If the macromolecules are undergoing a ﬂow bi-
ased diffusion, the spatial correlation peak that presents the diffusion
broadens and stays centered at (ξ=0, η=0), whereas the ﬂowing cor-
relation peak shifts in a direction opposite to the ﬂow of the particles.
Only when themoving particles stay within the bounds of the analyzed
region during the sampling period over several frames, will the STICS
analysis be valid.
The spatial autocorrelation portion is ﬁt by nonlinear least squares
with a two-dimensional Gaussian function [18,20]:
r ξ;η;0ð Þ ¼ r 0;0;0ð Þ exp − ξ
2 þ η2
ω20
( )
þ r∞ ð6Þ
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parameters.
By locating the maximum of the r (ξ, η, τ) peak in spatial lag space
and ﬁtting this with a translationally and radially adjustable two-
dimensional Gaussian function, the space–time evolution of the correla-
tion function is captured [23]:
r Δξ;Δη; τð Þ ¼ r 0;0; τð Þ exp − ξ−Δξð Þ
2 þ η−Δηð Þ2
ω0 τð Þ2
( )
þ r∞ ð7Þ
The time dependent amplitude r (0,0,τ), the position of the peak
(Δξ, Δη) in lag space and a spatial offset parameter r∞ are obtained by
the ﬁtting procedure to the experimental data.Fig. 1. A. HeLa and A549 cells stained with PVP-Hypericin that emits red ﬂuorescence after th
sequential frames. Individual frames were recorded with pixel sizes 0.2 and 0.1 μm and pixel dw
(with the immobile population removed) for which the analysis results are shown in panels
r (ξ,η,τ) and their contour plot. C. Plots of the position of the r (ξ,η,τ) peak as a function of time
VSTICS= 5.3 × 10−3 μm/s (vx=3.5 × 10−3; vy=4.0 × 10−3 μm/s) for the HeLa cell and VSTICS=
to temporal autocorrelation peak r (0,0,τ),which gives an estimate of the particles diffusion coef
A549 cells, respectively.2.3. Spatiotemporal image cross-correlation spectroscopy (STICCS)
Studying the intracellular destination of PVP-Hypericin and its
dynamic inside the target cell organelles requires STICS in a cross-
correlation scheme (STICCS) [16–18]. STICCS needs the image time
series in space and time from two ﬂuorescence detection channels,
a from the photosensitizer and b from labeling of the cell organelle. A
modiﬁed version of r (ξ,η,τ) presented in Eq. (5) is used for the cross-
correlation function [23]:
rab ξ; η; τð Þ ¼
δia x; y; tð Þδib xþ ξ; yþ η; t þ τð Þh iXY
ia x; y; tð Þh iXY ib xþ ξ; yþ η; t þ τð Þh iXY
 
T
ð8Þe excitation. For STICS and TICS, 100 frames were collected with no time delay between
ell times of 3.2 and 1.6 μs for HeLa and A549 cells, respectively. The 64 × 64 pixels region
B, C and D is marked with a white square. B. STICS Gaussian autocorrelation functions
. The peak position versus time gives an estimate of the concerted velocity of the particles
5.4 × 10−3 μm/s (vx=−5.2 × 10−3; vy=−1.2 × 10−3 μm/s) for the A549 cell. D. TICS ﬁt
ﬁcientDTICS= (2.3±0.4)× 10−3 μm2/s andDTICS= (1.3±0.6) × 10−3 μm2/s for HeLa and
858 R. Penjweini et al. / Biochimica et Biophysica Acta 1843 (2014) 855–865The space–time evolution of the cross-correlation function is then
captured by locating the maximum of rab (ξ,η,τ) and ﬁtting this with a
free Gaussian function as presented in Eq. (7).
If for zero time-lag the cross-correlation between the two detection
channels is non-zero, itmeans that the two species (photosensitizer and
organelle speciﬁc dye) are in a common complex [18]. However,
co-transport between two species detected by cross-correlation does
not necessarily imply direct interaction. In the case of stationary parti-
cles, then the cross-correlation stays unchanged for all values of τ and
centers at (ξ = 0, η = 0). Changes over time in the number of
interacting and/or correlating molecules that are at the same location
in space will be reﬂected in the cross-correlation function as described
for STICS.Fig. 2. A. DC and PBMC stained with PVP-Hypericin that emits red ﬂuorescence after the excitat
frames. Individual frameswere recordedwith pixel sizes 0.07 and 0.03 μmand pixel dwell times o
population removed) forwhich the analysis results are shown in panels B, C andD ismarkedwith a
position of the r (ξ,η,τ) peak as a function of time, which gives VSTICS = 2.7 × 10−3 μm/s (vx=2.7
vy =−1.5 × 10−3 μm/s) for PBMC. D. TICS ﬁt to temporal autocorrelation peak r (0,0,τ), which gi
and DTICS = (0.6 ± 0.4) × 10−3 μm2/s for PBMC.3. Materials and methods
3.1. Cell culture
Two types of cancer cells, HeLa andA549 aswell as two types of non-
cancerous cells, DC and PBMC were used in this study. HeLa cells were
cultured in Dulbecco's modiﬁed eagle'smedium (DMEM, Gibco, Paisley,
UK) supplemented with 10% fetal bovine serum (FBS, Biochrom AG,
Berlin, Germany) and 1% penicillin/streptomycin (P/S, Gibco). A549
cells were maintained in modiﬁed eagle's medium with glutamax
(MEM, Gibco) supplemented with 10% non-heat inactivated FBS
and 1% P/S. DC were derived from CD34+-progenitor-cells from
human umbilical cord blood, which were induced to proliferate andion. For STICS and TICS, 100 frames were collected with no time delay between sequential
f 2.5 and 1.6 μs for DC and PBMC, respectively. The 64 × 64 pixels region (with the immobile
white square. B. STICS autocorrelation functions r (ξ,η,τ) and their contour plot. C. Plots of the
× 10−3; vy=−0.2 × 10−3 μm/s) for DC and VSTICS = 1.6 × 10−3 μm/s (vx=−0.4 × 10−3;
ves an estimate of the particles diffusion coefﬁcientsDTICS= (1.9± 0.2) × 10−3 μm2/s for DC
Table 1
Effective ﬂow velocities and diffusion coefﬁcients for different regions inside the HeLa and A549 cells as well as DC and PBMC.
Regions Cancer cells Normal cells
HeLa A549 DC PBMC
VSTICS
a (10−3 μm/s) DTICSb (10−3 μm2/s) VSTICS (10−3 μm/s) DTICS (10−3 μm2/s) VSTICS (10−3 μm/s) DTICS (10−3 μm2/s) VSTICS (10−3 μm/s) DTICS (10−3 μm2/s)
1 2.0 6 ± 4 4.3 4 ± 2 3.0 1.2 ± 0.4 4.8 0.3 ± 0.2
2 1.2 1.3 ± 0.5 3.6 4 ± 1 6.3 1.1 ± 0.2 2.9 0.3 ± 0.1
3 2.0 3 ± 2 5.2 1.4 ± 0.3 7.7 0.5 ± 0.2 1.4 0.1 ± 0.1
4 1.6 2 ± 1 5.0 2.6 ± 0.9 2.1 1.9 ± 0.2 5.9 0.1 ± 0.1
5 2.9 1.0 ± 0.6 4.7 2 ± 1 4.7 1.1 ± 0.1 1.4 0.4 ± 0.3
6 2.2 2.1 ± 0.4 5.3 4 ± 1 3.9 1.1 ± 0.3 2.0 0.2 ± 0.1
7 2.0 4.2 ± 0.8 5.2 1.3 ± 0.6 7.6 2.6 ± 0.8 3.5 0.6 ± 0.4
8 4.6 2.3 ± 0.4 6.1 2 ± 1 3.7 4 ± 1 5.1 1.0 ± 0.4
9 1.8 2.7 ± 0.8 4.3 1.2 ± 0.8 7.1 5 ± 2 4.5 0.2 ± 0.1
10 1.5 1.0 ± 0.2 3.5 3 ± 2 6.6 1.0 ± 0.2 4.4 0.2 ± 0.1
11 3.1 1.1 ± 0.6 6.8 4 ± 3 3.9 3.3 ± 0.6 3.3 0.4 ± 0.3
Mean 2.3 2.4 4.9 2.7 5.1 2.1 3.6 0.3
St. meanc 0.3 0.5 0.3 0.4 0.6 0.4 0.5 0.1
a Magnitude of ﬂow velocity measured by STICS from velocities in the x and y plane (vx and vy). The velocities are corrected for the stage drift and cell movement.
b Diffusion coefﬁcient measured by TICS with the standard deviation obtained from the ﬁt.
c Standard error of the mean.
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tute for Technological Research, Environmental Risk and Health Unit,
Belgium. Human cord blood samples were collected from umbilical
blood vessels of placentas of full-term infants, born at Heilig Hart hospi-
tal at Mol and St. Dimpna hospital at Geel, Belgium. Informed consent
was given by the mothers and the study was approved by the ethical
commission of both hospitals. Then, DCs were cultured in Iscove's
modiﬁed Dulbecco's medium (IMDM, Gibco) with 10% FBS, 2% P/S and
1% bovine serum albumin (Sigma-Aldrich, Bornem, Belgium). PBMCFig. 3. In the living HeLa and A549 cells as well as DC and PBMC, the dynamics oobtained from healthy donors by Ficoll-PaqueTM PLUS (GE Healthcare,
Eindhoven, Netherlands) density gradient separation of peripheral
blood were cultured in RPMI 1640 medium (Gibco) with 10% FBS and
1% P/S — all from the Biomedical Research Institute, Hasselt University.
One day before the experiments, the cells were plated separately in
8-well Lab-Tek™ II chambered coverglass (Nalge Nunc International,
Rochester, USA) with a density of 5 × 104 cells/chamber at 37 °C and
5% CO2. DCs were plated in 8-well Lab-Tek™ II coated overnight with
0.01% poly-L-lysine (Sigma-Aldrich).f proteins labeled with PVP-Hypericin were measured using STICS analysis.
Fig. 4. STICCS analyses of HeLa and A549 cells as well as DC and PBMC labeled with PVP-Hypericin (red ﬂuorescence) and Hoechst (blue ﬂuorescence). The ﬁrst column A, presents a
typical ﬁgure of the labeled cells from the image time-series. The central column B, represents the STICCS cross-correlation function r (ξ,η,τ) for τ=1, 5, 10, 15 and 20 s. The right column
C, shows the position of cross-correlation peak r (ξ,η,τ) as a function of τ. Fitting for the displacements of r (ξ,η,τ) as a function of τ gives VSTICCS = 1.3 × 10−2 μm/s (vx=1.2 × 10−2; vy =
−0.5 × 10−2 μm/s) for HeLa cell and VSTICCS = 9.8 × 10−2 μm/s (vx = 6.3 × 10−2; vy = 7.5 × 10−2 μm/s) for A549 cell. STICCS did not show a signiﬁcant cross-correlation between PVP-
Hypericin and Hoechst in normal DC and PBMC. Scale bar: 10 μm.
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PVP-Hypericin was prepared by the formulation of Hypericin
(PLANTA Natural Products, Vienna, Austria) with polyvinylpyrrolidone
(PVP, Mw. 4.0000, Sigma-Aldrich Corporation, St. Louis, MO, USA), in a
ratio of 1:100, using the procedure described by Kubin et al. [5]. The
photosensitizer was diluted in complete culture medium at a ﬁnal con-
centration of 10 μM. Then, the cells were incubated for 20 min with the
photosensitizer solution in a standard incubator (SANYO CO2 incubator
MCO-18AIC(UV), Massachusetts, USA) at 37 °C and 5% CO2. For STICCS,
several organelles were additionally labeled by staining with organelle
speciﬁc dyes: nucleus with 1 μg/ml Hoechst 33442 (Sigma-Aldrich
Corporation) for 10 min, mitochondria with 200 nM MitoTracker®
Green FM (Invitrogen, UK) for 20 min, early endosomes with 25 parti-
cles per cell CellLight® Early Endosomes-GFP (Invitrogen) for 16 h
and lysosomes with 5 μM LysoTracker® Blue DND-22 (Invitrogen) for
12 h.
3.3. Imaging set-up
Image series were acquired with a commercial Zeiss LSM 510META
confocal laser scanning microscope (Jena, Germany) on an Axiovert
200Mmotorized frame for TICS, STICS and STICCS analyses. The micro-
scope was coupled to a 30 mW air-cooled argon ion laser emitting at
488 nm under the control of an acousto-optic modulator (~11 μW irra-
diance at the sample position) for one-photon excitation. A femtosec-
ond pulsed titanium-sapphire laser (MaiTai DeepSee, Spectra-Physics,
California, USA), tunable over 690–1024 nm, under the control of an
acousto-optic modulator (~5 mW irradiance at the sample position)
was also adjusted in the set-up for two-photon excitation. The MaiTai
laser was tuned to 730 nm for the excitation of LysoTracker and
Hoechst. For imaging the cells stained with PVP-Hypericin, MitoTracker
and/or Early-Endosomes-GFP, the 488 nm beam of argon ion laser
was used. The excitation light was directed to the sample using beam
splitters NFT 545, HFT UV/488/543/633 and/or HFT KP 650 as well as
a LD C-Apochromat 40×/1.1 W Corr UV–VIS–IR water immersion
objective. Three band-pass ﬁlters BP 565–615 IR and BP 500–530 IR or
BP 390–465 IR were also used for detection and separation of different
emitted ﬂuorescence signals. The ﬁlter selection avoided bleed-
through artifacts. In all cases, point detection was achieved using one
or two analog photomultiplier tubes (proprietary Zeiss information).
During the live cell imaging, to provide an environment that is non-
perturbing and suitable for the metabolism and growth of the cells,
a microscope chamber (Tempcontrol 37–2 digital, PeCon, Erbach,
Germany) was used, with temperature (37 °C) and pH control.
All images (512 × 512 pixels) of each series were collected with no
time delays between the sequential frames. The individual frames
were acquired with the pixel dwell times of 1.6, 2.5 or 3.2 μs; collection
time for each frame is ~1, 1.6 or 2 s, respectively. Fluorescence
photobleaching and cytotoxicity by reactive oxygen species limited
the maximum continuous observation of the healthy cells to 100
frames.
3.4. Measurement of stage drift and cell movement
Possible stage drift was assessed by applying the STICS analysis to
ﬁxed beads (Invitrogen, PS-SpeckMicroscope Point Source Kit, nominal
diameter 175 nm) on a cover slip with the same environment and
set-up as in the actual experiments. The resulting motion of the
stage gives maximum velocity VSTICS = 1.3 × 10−3 μm/s (with |vx| =
1.1 × 10−3 and |vy| = 0.6 × 10−3 μm/s).
Although a lot of efforts have been done to maintain the laser inten-
sity at a minimum level and to optimize the pixel dwell time, stress due
to the occurrence of the reactive oxygen species might induce cell
movement. For each individual cell, STICS analysis was performed on
the whole cell itself, which yields 1.5 × 10−3 ≤ |vx| ≤ 3.3 × 10−3 μm/sand 2.2 × 10−3 ≤ |vy| ≤ 5.2 × 10−3 μm/s; the measured motion of the
cells takes the motion of the stage into account.
3.5. Image data analysis procedures
All the image analyses were performed using custom written
MATLAB (The MathWorks, Eindhoven, The Netherlands) routines origi-
nally based on the work of Wiseman Research Group, McGill University.
The original routines and details of the analysis have been published
previously [14–20].
In cells, the mobile cellular content is a small fraction of the total
content. This issues a challenge to extract the velocity direction by
following the Gaussian correlation peakwithout inﬂuence from the cor-
relations of the immobile or slowly diffusing populations (which effec-
tively remain centered at ξ= 0, η= 0). Therefore, before running the
analyses, the immobile population contribution to correlation function
was removed from the regions of interest by Fourier-ﬁltering [18,20].
The STICS spatiotemporal autocorrelation functions for 64 × 64 pixels
sub-regions of the images were then calculated by using Eq. (5). The
spatiotemporal component of these correlation functions was averaged
and ﬁtted by nonlinear least squares shown in Eq. (7). The TICS tempo-
ral autocorrelation functions for the same sub-regions of the images
were calculated by using Eq. (2). As previously discussed, the spatio-
temporal variant of the image correlation spectroscopy has higher
power to determine the ﬂow velocity [18]. Therefore, the measured
velocity values obtained by STICS were ﬁxed in Eq. (3), which resulted
in the best ﬁt for the TICS temporal autocorrelation function. The diffu-
sion coefﬁcient was measured from the best ﬁt characteristic diffusion
time and bω0N. The value of bω0Nwas calculated by averaging the indi-
vidualω0 obtained from ﬁtting Eq. (6) for every image in the time-series
[18,20]. STICCS spatiotemporal cross-correlation functions of two image
time series collected via two detection channels were ﬁnally calculated
and ﬁtted according to Eq. (8) and a modiﬁed version of Eq. (7). Each
image correlation and cross-correlation analysis was performed on
three cells of the same type.
3.6. Statistical analysis
To assess the consistency of the results of STICS and TICS, Kruskal–
Wallis tests were performed on all ﬂow or diffusion values of the photo-
sensitizermeasured in three cells of the same type.Wilcoxon tests were
also used to evaluatewhether the ﬂow velocity and diffusion coefﬁcient
in two groups of different cell types are signiﬁcantly different from each
other. Analyses were carried out using the R software version 3.0.2. Sta-
tistical signiﬁcance was deﬁned at p b 0.05 level (95% conﬁdence level).
4. Results and discussion
4.1. Intracellular transport of PVP-Hypericin characterized by STICS
and TICS
Although the exact intracellular location of PVP-Hypericin is still un-
clear, it is reported that Hypericin accumulates in themost dense region
of the membrane, close to the polar head-groups of the lipids [7,26].
The phenomena of non-directed and possible directed transport of
PVP-Hypericin in living HeLa, A549, DC and PBMC cells were measured
by using TICS and STICS. Image subsections of 64 × 64 pixels in size
(with the immobile population removed) were selected from different
regions of the cells. For a typical region shown in Figs. 1 and 2A, the
STICS spatiotemporal autocorrelation function r (ξ,η,τ) for τ= 5, 10,
15 and 20 s, the peak position of r(ξ,η,τ) at different time lags and
the TICS temporal autocorrelation function r (0,0,τ) are presented in
B, C and D, respectively. As shown in Fig. 1C, in the selected regions in-
side theHeLa andA549 cells,ﬁtting for the displacement of theGaussian
peak yields small velocities VSTICS = 5.3 × 10−3 μm/s (vx=3.5 × 10−3;
vy=4.0 × 10−3 μm/s) and VSTICS= 5.4 × 10−3 μm/s (vx=−5.2 × 10−3;
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Fig. 6. A. HeLa and A549 cells labeled with PVP-Hypericin (red ﬂuorescence) and Early Endosomes-GFP (green ﬂuorescence). B. STICCS cross-correlation peak r (ξ,η,τ) for τ=1, 5, 10, 15
and 20 s. C. The position of r (ξ,η,τ) as a function of τ, which gives VSTICCS = 1.1 × 10−2 μm/s (vx=−0.9 × 10−2; vy=0.6 × 10−2 μm/s) and VSTICCS = 6.7 × 10−2 μm/s (vx=6.6 × 10−2;
vy =−1.0 × 10−2 μm/s) for HeLa and A549 cells, respectively. Scale bar: 10 μm.
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Fig. 2C, we obtained for DC, VSTICS = 2.7 × 10−3 μm/s (vx = 2.7 × 10−3,
vy = −0.2 × 10−3 μm/s) and for PBMC, VSTICS = 1.6 × 10−3 μm/s
(vx = −0.4 × 10−3, vy = −1.5 × 10−3 μm/s). As is evident from
Figs. 1 and 2D, r (0,0,τ) is ﬁtted very well by using Eq. (3) with the ﬁxed
ﬂow values measured by STICS. TICS ﬁt to r(0,0,τ) yields diffusion coefﬁ-
cientsDTICS= (2.3± 0.4) × 10−3, (1.3± 0.6) × 10−3, (1.9±0.2) × 10−3
and (0.6 ± 0.4) × 10−3 μm2/s for HeLa, A549, DC and PBMC cells,
respectively.
The same STICS and TICS analyses were applied to the different re-
gions inside the cells. For each region, the estimated diffusion coefﬁcient
as well as ﬂow velocity after the correction of stage drift and cell move-
ment (see the Section 3.4) are presented in Table 1. The velocity map-
ping of the ﬂow is presented in Fig. 3 that reveals random directions
and different magnitudes for the concerted ﬂux of the cellular proteins
associated with PVP-Hypericin.
Based on the statistical analyses in three cells of the same type, STICS
and TICS yielded reproducible results for ﬂow velocities and diffusion
coefﬁcients. No statistically signiﬁcant difference was observed for all
cases (p-value ≥ 0.2). However, the statistical data analyses demon-
strated a signiﬁcantly different diffusion rate of the photosensitizer in
PBMC compared to those obtained for HeLa, A549 and DC cells. TheFig. 5. STICCS analyses of HeLa and A549 cells as well as DC and PBMC labeled with PVP-Hy
shown in column A. Column B presents the cross-correlation peak r (ξ,η,τ) for τ= 1, 5, 10,
VSTICCS = 8.7 × 10−2 μm/s (vx = 6.5 × 10−2; vy =−5.7 × 10−2 μm/s) for HeLa and VSTICCS =
not show cross-correlation between PVP-Hypericin and MitoTracker in DC and PBMC. Scale bamaximum p-value of the considered differences between the diffusion
coefﬁcients is 8.1 × 10−5, which means very high signiﬁcance. There
were no statistically signiﬁcant differences between the dynamics of
the photosensitizer in HeLa, A549 and DC cells.
4.2. Intracellular accumulation of PVP-Hypericin characterized by STICCS
The exact cellular target for the potent anti-cancer agent PVP-
Hypericin has not yet been determined. However, lysosomal damage,
membrane lipid peroxidation and decreasing the activity of sodium–
potassium adenosine triphosphatase (Na+/K+-ATPase) are the power-
ful consequences of photoexcited Hypericin [7–10,26,27]. It is also
reported that Hypericin interacts with guanine and adenine nucleotide
of deoxyribonucleic acid (DNA) [26]. To study the possible accumula-
tion and motion of PVP-Hypericin in the nucleus, mitochondria, early
endosomes and/or lysosomes of HeLa and A549 cells, STICCS was
applied via cross-correlation between PVP-Hypericin and Hoechst,
MitoTracker Green, Early Endosomes-GFP or LysoTracker Blue. To deter-
mine whether the accumulation of PVP-Hypericin in the nucleus and
mitochondria depends on the cell type, the cross-correlation of PVP-
Hypericin and Hoechst or MitoTracker in two types of normal DC and
PBMC was tested additionally. A typical ﬁgure of the dual-labeled cellspericin (red ﬂuorescence) and MitoTracker (green ﬂuorescence). The labeled cells are
15 and 20 s. Column C shows the position of r (ξ,η,τ) as a function of time, which gives
14.7 × 10−2 μm/s (vx = 11.2 × 10−2; vy =−9.5 × 10−2 μm/s) for A549 cell. STICCS did
r: 10 μm.
Fig. 7. STICCS analyses of HeLa and A549 cells labeled with PVP-Hypericin (red ﬂuorescence) and LysoTracker (blue ﬂuorescence). The labeled cells are shown in column A. Column B
presents the cross-correlation peak r (ξ,η,τ) for τ= 1, 5, 10, 15 and 20 s. Column C shows the position of r (ξ,η,τ) as a function of τ, which gives VSTICCS = 2.8 × 10−2 μm/s (vx = 0.2 × 10−2;
vy = 2.8 × 10−2 μm/s) for HeLa and VSTICCS = 23.5 × 10−2 μm/s (vx =−4.1 × 10−2; vy =−23.1 × 10−2 μm/s) for A549 cell. Scale bar: 10 μm.
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Figs. 4–7. In each ﬁgure, the central column (B) represents the Gaussian
cross-correlation peak r (ξ,η,τ) for τ= 1, 5, 10, 15 and 20 s. The right
column (C) shows the position of r (ξ,η,τ) peak as a function of time.
STICCS analysis was performed at least on three cells of the same type
that yielded reproducible results.
The acquired image time-series of HeLa and A549 cells marked with
PVP-Hypericin and Hoechst were analyzed with STICCS that yields a
strong Gaussian cross-correlation peak, r (ξ,η,τ) (Fig. 4B). The peak
maintains its original shape but appears to be mobile as a function of
time. Fitting for the displacement of r (ξ,η,τ) yields directional ﬂow
information of the co-localized red and blue populations with velocity
VSTICCS = 1.3 × 10−2 μm/s (vx = 1.2 × 10−2; vy =−0.5 × 10−2 μm/s)
for HeLa cell and VSTICCS = 9.8 × 10−2 μm/s (vx = 6.3 × 10−2;
vy = 7.5 × 10−2 μm/s) for A549 cell. These values can be attributed to
a directed motion of the nucleus contents [28,29] dual-labeled with
Hoechst and PVP-Hypericin. STICCS analyses with and without immo-
bile Fourier-ﬁltration did not show cross-correlation between PVP-
Hypericin and Hoechst in the cases of DC and PBMC.
The cells labeled with PVP-Hypericin and MitoTracker Green
are presented in Fig. 5A. Fig. 5B shows a strong cross-correlation in
the mitochondrial contents of HeLa and A549 cells. In both cells,
the cross-correlation function shows a peak that does not broaden
along the major axis. The peak position versus time (column C) gives
VSTICCS = 8.7 × 10−2 μm/s (vx = 6.5 × 10−2; vy =−5.7 × 10−2 μm/s)
for HeLa cell and VSTICCS = 14.7 × 10−2 μm/s (vx = 11.2 × 10−2; vy =
−9.5 × 10−2 μm/s) for A549 cell. These values can be attributed to the
ﬂow velocities of mitochondria [30,31] dually labeled with PVP-Hypericin and MitoTracker. STICCS did not show cross-correlation
between PVP-Hypericin and MitoTracker in DC and PBMC.
In HeLa and A549 cells, the cross-correlation area of PVP-Hypericin
and Early Endosomes-GFP yields a sharp symmetric peak that
does not broaden at τ = 1, 5, 10, 15 and 20 s (see Fig. 6A and B).
Directional ﬂow information measured by STICCS reveals VSTICCS =
1.1 × 10−2 μm/s (vx = −0.9 × 10−2; vy = 0.6 × 10−2 μm/s) and
VSTICCS = 6.7 × 10−2 μm/s (vx = 6.6 × 10−2; vy =−1.0 × 10−2 μm/s)
for the dual-labeled early endosomes of HeLa and A549 cells, respectively
[32].
Image time-series of HeLa and A549 cells stained with PVP-
Hypericin and LysoTracker Blue (see Fig. 7A) were analyzed with
STICCS, yielding a strong cross-correlation peak in zero time-lag
that does not broaden along the major axis (Fig. 7B). Directional ﬂow
information reveals VSTICCS = 2.8 × 10−2 μm/s (vx = 0.2 × 10−2;
vy = 2.8 × 10−2 μm/s) for HeLa and VSTICCS = 23.5 × 10−2 μm/s
(vx = −4.1 × 10−2; vy = −23.1 × 10−2 μm/s) for A549 cells
(Fig. 7C). These values can be attributed to a directed motion of the
lysosomes [32,33] labeled with LysoTracker and PVP-Hypericin.
In the all image series, we additionally checked the ﬂow velocity
of the photosensitizer by applying the STICS analyses to the ﬂuores-
cence channel of PVP-Hypericin. STICS showed ﬂow velocities
in close agreement with those presented in the Section 4.1. The
amounts of PVP-Hypericin molecules that are co-localized with
the whole or partial contents of the nucleus, mitochondria, early-
endosomes or lysosomes are some fractions of the whole populations
and STICCS shows faster velocities for the ﬂow of the co-transport
populations.
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In this paper, for the ﬁrst time, the intracellular diffusion and ﬂow of
PVP-Hypericin as well as a map of ﬂuid velocities over different areas of
cancer and normal cells were measured by using TICS and STICS. By
employing Fourier-ﬁltering, motion of the PVP-Hypericin was studied
effectively even in the cell membrane where there are signiﬁcant levels
of immobile photosensitizer particles. The collected images showed
lower ﬂuorescence signals of the PVP-Hypericin in DC and PBMC com-
pared to HeLa and A549 cells, corroborating the lower photosensitizer
uptake in normal cells. On the other hand, STICS and TICS did not
show a signiﬁcant difference between the dynamics of PVP-Hypericin
in HeLa, A549 and DC cells; a signiﬁcantly smaller diffusion coefﬁcient
was measured in PBMC. To study the different capacities of the photo-
sensitizer to bind the cancer and normal cells at intracellular sites,
STICCS to double-label cross-correlation experiments was performed.
Bearing in mind the limitations of conventional co-localization analyses
to measure the dynamics of co-migrating molecules, STICCS demon-
strated a stationary accumulation of PVP-Hypericin within nucleus,
mitochondria, early endosomes and lysosomes of HeLa and A549 cells.
However, signiﬁcant ﬂow due to the directed motion of the double-
labeled nucleus content, mitochondria, early endosomes and lysosomes
was detected via the movement of cross-correlated area. No accumula-
tion of PVP-Hypericin in the nucleus and mitochondria of DC and PBMC
could be monitored. This may contribute to the selective destruction of
cancer cells.
To our knowledge, this is the ﬁrst time that the static accumulation
or slow dynamics of PVP-Hypericin inside the cells has been demon-
strated by using STICS and TICS. This information is critical for elucidat-
ing drug action in PDT and might also play a role in developing
strategies for drug delivery and cancer therapy. The stationary accumu-
lation or slow dynamics of PVP-Hypericin in the cancer cell organelles
can result in maximum ablation and may protect non-cancerous cells
or healthy surroundings from contamination with the drug. For exam-
ple, in order to avoid subsequent photosensitization of a patient in
case of autologous blood transfusion or blood sterilization in hemato-
logical disorders, it is reported that using immobile sensitizers is of
great importance [34]. Therefore, we suggest that image correlation
spectroscopy techniques can be very instrumental to the development
and characterization of photosensitizers for PDD and PDT.
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